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ABSTRACT 
 

The Fourth Assessment Report of Intergovernmental Panel on Climate Change in 

2007 implied the increasing trend in global temperatures associated with 

anthropogenic greenhouse gases concentrations. In recent years, negative effect 

by high temperature to rice yield and grain appearance quality is recognized even 

in sub-tropical and temperate areas. High temperature induced sterility is most 

serious threat by high temperature on yield reduction. Occurrence of chalky grain 

is now crucial issue in Japan. Although high temperature during early ripening 

stages is a major trigger for chalky grain, other climatic conditions such as 

radiation, agronomic techniques and rice varieties are also responsible. This 

indicates the importance of integrated measure of variety and crop management 

to mitigate negative effect of high temperature.  
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INTRODUCTION 
 

The Fourth Assessment Report of Intergovernmental Panel on Climate Change 

(IPCC) in 2007 strongly implied that the increasing trend in global temperatures 

since the mid-20th century is the result of increase in anthropogenic greenhouse 

gases concentrations. High atmospheric CO2 leads to the increase in biomass 
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production and yield through enhanced photosynthesis. On the other hand, it has 

been known that high temperature above optimum has negative effect on yield 

and grain quality in rice by inducing decline of grain setting, reduced grain 

weight, increased respiration, and also through aggravating biotic stress. 

Importantly, high temperature indirectly suppresses rice production by increasing 

water demand in water-limited area. Coping with these constraints derived from 

rising temperature will maximize the beneficial effect by CO2 increases. 

Developing adaptive strategies to increasing temperature by understanding the 

response of rice to high temperature are crucial challenges in rice research. This 

paper reports on current knowledge on physiological response of rice to high 

temperature mainly based on experiences in Japan and discuss adaptive strategy.  
 

YIELD AND GRAIN SETTING 
 

Spikelet formation  

The effect of temperature on yield appears through the changes in biomass 

production and harvest index. Generally, harvest index is more fluctuant as 

compared with biomass production due to higher sensitivity to temperature in 

spikelet formation, grain setting and grain filling. The study in western Japan 

(Suzuki 1980) showed that high temperature has positive effect on biomass 

production at early stages by enhancing tillering, leaf expansion and nutrient 

uptake. While, positive effect by higher temperature on biomass is less or 

becomes negative in later stages due to larger burden from increased maintenance 

respiration associated with excessive growth, faster senescence, and shortened 

growth period.  

The factors causing reduction in harvest index by high temperature include 

decreased number of spikelet, sterility, and reduced single grain weight. Lowered 

spikelet formation efficiency, which is defined as spikelet number per unit 

biomass or unit N uptake at heading stage, is partly attributed to increased 
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proportion of unproductive tiller, lowered number of spikelet per panicle caused 

by excessive vegetative growth and reduced N uptake. Yield decline trend with 

decreasing biomass and spikelet number was observed in long-term experiment in 

the Philippines (Peng et al 2001). It appeared to be associated with increase in 

daily minimum temperature. Physiological mechanisms underlying specific effect 

of high night temperature on the spikelet formation remain unclear for further 

study. 

 

High-temperature-induced sterility 

Floret sterility induced by high temperature above 35 oC (Satake and Yoshida 

1978) is most serious threat to reduce grain yield. High temperature-induced 

sterility has been reported in the tropics, and recently in China (Wang 2002). In 

the hot summer of 2007, increase in sterility rate was observed in farmers fields 

in central Japan (Hasegawa et al 2009). The most sensitive stage to high 

temperature-induced sterility is anthesis followed by young microspore stages 

(Satake and Yoshida 1978). High day temperature at anthesis time induces 

sterility by reducing the number of pollen grain shed on stigma. Morphologies of 

anther which affect theca dehiscence are proposed to be responsible for genotypic 

difference in sensitivity of pollen shedding, such as thickness of locule wall, 

length of dehiscence at basal part of theca (Matsui et al 2001, 2005). It was also 

proposed that the traits that flower early morning or night, which is found in 

cultivated rice species and wild relatives, may also be useful to escape from high 

day temperature (Nishiyama and Blanco 1980).  

We need more information on critical temperature and stages under field 

conditions to assess the risks of sterility under global warming. Field observation 

in open field (Hasegawa et al 2009) implied that sterility rate with air temperature 

above 35 oC was considerably lower than that predicted from the results obtained 

in chamber experiment. Possible factor explaining these differences between 
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chamber experiments and field include temperature gaps between air and spikelet, 

physiological status of the plant grown in field and pot.  
 

GRAIN FILLING AND QUALITY 
 

Effect of temperature on grain quality 

High temperatures during ripening stages lead to smaller grain size and 

deterioration of grain appearance quality such as chalky grain and fissured grains. 

Under high temperatures, increase in grain weight is accelerated in the early 

ripening stages while duration of ripening period becomes shorter, which results 

in smaller final grain size (Sato and Inaba 1976). In recent years, high 

temperature above 26-27 oC during early ripening stages increase the occurrence 

of chalky grain and fissured grain in Japan (Fig. 1)(Kondo et al. 2006, Nagata et 

al. 2004, Terashima et al. 2001). Chalky grains are composed of various types 

such as white-backed, milky white, white-belly, and white-based grain having 

different opaque endosperm portion. Milky white grain seriously degrades the 

market value. Not only high temperature, but also other climatic conditions such 

as low radiation, typhoon and plant factors such as high spikelet number are 

important factor to cause milky-white grain.  

Gain chalkiness is suggested to be caused by disorder of starch accumulation 

processes based on the fact that opaque portions of chalky grain, amyloplast 

development is abnormal (Zakaria et al 2002). The causes of chalkiness and small 

grain are hypothesized to be source limitation and/or disorder of starch synthesis 

processes. There are two major sources of carbon for starch synthesis in the 

endosperm, newly photosynthesized carbon from leaf and accumulated 

non-structural carbon, mainly starch and sugars, in stem and leaf sheath. 

Photosynthetic rate at single leaf level is relatively stable under short-term 

exposure to wide range of temperature, e.g. 24 - 36 oC (Vong and Murata 1977). 
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Fig. 1. Various types of grain appearance quality. From left: perfect grain, 

milky-white grain, white-backed grain, fissured grain. Photograph by N. 

Iwasawa. 

 

The effect of high temperature on canopy photosynthesis under longer exposure 

to high temperature in field conditions is more complex since water and nutrient 

status of the plant are affected by temperature. The duration of active 

photosynthesis becomes shorter due to faster leaf senescence. During grain filling 

under higher temperature, decrease of non-structural carbon becomes faster, 

which indicate that carbon source for starch synthesis in endosperm depends 

more on reserved carbon in stem and leaf sheath to satisfy the increased carbon 

demand with accelerated grain filling. Further study is desired on the spatial and 

temporal substrate levels in endosperm as affected by temperature to clarify the 

involvement of limitation in substrate supply for starch synthesis. 

The results in separate high temperature treatment on panicle and vegetative 

organs showed that treatment on panicle had more pronounced effect on final 

grain size and quality although vegetative organs were also sensitive to 

temperature to less extent (Sato and Inada 1973). It has been reported that activity 

and expression of some key enzymes involved in starch synthesis from 

ADP-glucose and conversion of sucrose to ADP-glucose are lowered under high 

temperature in cereal grains. In rice, high temperature depresses the expression of 

granule-bound starch synthase I, branching enzymes, and ADP-glucose 
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pyrophosphorylase while enhances expression of amylase (Yamakawa et al. 

2007). Since the expression of genes and enzymic activity are affected by the 

substrate levels, the interaction of source and sink ability in response to high 

temperature should be further studied. 
 

ADAPTIVE MEASURES 
 

Cultivation methods  

The agronomic countermeasures against high temperature damage include 

shifting cropping seasons, improving crop, soil, and nutrient management. 

Escaping from high temperature from anthesis and early ripening stage by 

moving transplanting date is the first major way in cropping system. The most 

sensitive period to high temperature is first 20 days after heading for chalky 

grains. Lowering expected temperature in this critical period by delaying of 

transplanting date has been successful to improve grain quality to some extent. 

Low N status magnifies the deterioration of grain quality, especially enhancing 

white-backed and white-base grains. Application rate of N has been decreasing 

since 1980s because of consumer’s preference for low protein content in the grain. 

The low N application rate, in turn, induces the increased sensitivity to high 

temperature. Maintaining appropriate N status during ripening is important to 

maintain grain quality. Maintaining favorable soil conditions for root functions to 

ensure photosynthesis is important in soil management. Photosynthesis may be 

suppressed by high temperature due to reduced stomatal conductance, possibly 

related to the limitation of water uptake by root (Tsuno and Yamaguchi 1987). 

High soil temperature suppresses root growth (San-oh and Kondo 2006). 

Lowering soil temperature by cold water irrigation is effective to reduce fissured 

grain with the condition that water availability is not limited. The early drainage 

before harvest induces water stress that enhances deterioration of grain quality.  
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Varietal improvement in grain quality  

Genotypic variations have been reported in sensitivities to high temperature in 

chalkiness and grain size. Genetic analyses for white-based and white-backed 

grains have been performed using japonica genotypes and several candidate 

QTLs were identified (Kobayashi et al. 2007, Tabata et al. 2007). Identification of 

the physiological functions of these QTLs is now under way. The genotypic 

differences in susceptibility to milky-white grains and grain size are less clear at 

present. Putative physiological and morphological traits related to the 

milky-white grain and grain size include stable sink ability under various 

temperature ranges, high source ability, low panicle temperature, and 

morphologies of the panicle and grain.  

 

Future research  

In physiological aspects, detailed understanding is required to clarify key carbon 

metabolisms which confer stable grain development under high temperature and 

low radiation. Genotypic improvement in adaptability to high temperature in 

spikelet formation, sterility and grain filling under are desired using wider 

germplasms. Limited information is available in genetic diversity in optimum 

temperature in grain filling and photosynthesis. Understanding the genetic factor 

and agronomic measure to control stomatal conductance would be useful because 

it determines canopy temperature and also affect water use. Increasing 

temperature is anticipated to have not only negative impact, but also positive 

aspects such as expanding crop growing spell. Development of crop production 

system which maximizes beneficial effect of global warming should be also 

considered.  
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